The Esterase-6 locus in Drosophila melanogaster is known to be involved both in the metabolism of esters and in sperm use and remating of females. Several studies have also produced evidence for selective differences between the allozymic variants at this locus. In this paper we have studied the selection differences when two rare alleles (Est-6 VS and Est-6 VF) are competing on the one hand, and when a common allele (Est-6 F) is in competition against the rare allele Est-6 VF on the other. Isogenic lines with homogeneous background were used.
INTRODUCTION
In the last few years the Est-6 locus in Drosophila melanogaster has become particularly interesting in the light of new findings relating to one of the physiological functions of the enzyme Esterase-6 as well as to the geographical pattern of variation of the polymorphism at this locus.
Esterase-6 (E.C. 1.1.1., Wright, 1963) seems to be involved in the mechanism of reproduction affecting both storage and use of sperm in females (Richmond et al., 1980; Richmond and Senior, 1981; Gilbert, 1981; Gilbert et a!., 1981) . The involvement of Esterase-6 in sperm use and daily productivity in terms of progeny is known to be affected by temperature (Gilbert and Richmond, 1982) . Moreover Esterase-6 together with a male specific lipid (cis-vaccenylacetate), a component of the seminal fluid, seems to constitute a substrateenzyme system that is involved in the pheromonal regulation of the timing of remating in females (Mane et aL, 1983 ).
Esterase-6 also appears to be involved in the metabolism of esters naturally occurring in food, as suggested by a number of results (Danford and Beardmore, 1979; 1980; Zera et al., 1983) .
A large scale geographical survey on the distribution of Est-6 allele frequencies (Oakeshott et aL, 1981; Anderson and Oakeshott, 1984) shows the existence of a recurrent latitudinal dine in three continents both in Drosophila melanogaster and in the homologous gene-enzyme system in the sibling species Drosophila simulans. Such a pattern seems difficult to explain as being due solely to random processes.
Two common and four rare electrophoretic variants have been described in natural populations. Isoelectrophoretic alleles relative to heat stability, substrate specifIcity and activity (see references in Costa et al., 1982) have also been found. Moreover functional differences among allozymes have been reported (Danford and Beardmore, 1979; Costa ei al., 1983; Mane eta!., 1983) . Selection in egg-to-adult viability has been observed in laboratory populations, apparently in relation to the polymorphism at the Est-6 locus, and selective intensity is significantly modified by temperature, density and composition of the medium (Wright, 1963; Kojima and Yarbrough, 1967; Morgan, 1976; Birley and Beardmore, 1977; Costa and Beardmore, 1980) . In a few cases however, experiments cast doubt on the hypothesis of adaptive significance of the Est-6 polymorphism (Dolan and Robertson, 1975; Clegg et a!., 1976; .
Except in one case (Costa and Beardmore, 1980) , the laboratory studies on the dynamics of this polymorphism known to us have examined the Est-6 alleles common in the wild (Est-6 Slow and Est-6 Fast).
Here we present the results in egg-to-adult viability obtained with laboratory populations polymorphic at the Est-6 locus in which a rare allele (Est-6 Very Fast) was tested at different frequencies against a common allele (Est-6 Fast) or against another rare one (Est-6 Very Slow). The definition of "rare" is based on the frequency normally found in the wild (Danieli and Costa, 1977) .
In experiments of this kind, there is always the possibility that any effect found might be caused by heterogeneity in the genetic background or by linkage disequilibrium. Our lines were prepared, as described in the next section, so as to strongly reduce the intensity of such interactions.
MATERIALS AND METHODS (I) Lines used
The lines derive from a large natural population sampled in the Venetia region (N. Italy). Five isogenic homozygous lines per genotype were first extracted. Then, in order to randomise the genome and increase the homogeneity of the genetic background, the homozygous lines (Est-6 VS/ Est-6 VS, Est-6 F/Est-6 F, Est-6 VF/Est-6 VF) were intercrossed (Est-6 VS/Est-6 VS vs Est-6 VF/Est-6 VF and Est-6 F/Est-6 F vs Est-6 VF/Est-6 VF) for a period of 4 years of continuous culture and lines homozygous for the three alleles were then extracted from these populations. The population sizes during this process were maintained at a level (2000-3000 individuals) so as to considerably reduce any linkage disequilibrium which might have been present initially.
Eight Est-6 VS and 10 Est-6 VF homozygous lines (derived from the first intercross) were used in experiment I, and 10 Est-6 F and 3 Est-6 VF homozygous lines (from the second intercross) in experiment II.
(ii) Design of experiments In each experiment three laboratory populations were made up with three different genetic compositions (p(VF)=0.2; 05; 08). Each population was started with 600 three day old females fertilised by males of the same or of a different genotype so that the expected zygotic composition of the Fl Est-6 genotypes would agree with H.-W. expectations. The heterozygotes were the progeny of the reciprocal crosses between the two homozygous genotypes in equal proportions.
The population cages were set up with polyethylene cups containing 25 ml of medium inserted in the base, as described by Beardmore eta!. (1963 In order to estimate genotypic frequencies about 50 flies were assayed from each replicate, except at 30°C in experiment II where the viability was significantly reduced so that 50 flies were sometimes not available. To avoid any possible bias due to differences in the time of development of different genotypes the flies were chosen so that each day of emergence was proportionally represented, and at random within each day of emergence.
Electrophoresis and staining procedures were as previously reported (Costa and Beardmore, 1980) . (iv) Statistical analysis Forthe analysis of the experimental data, we adopted discrete multivariate analyses using log linear models including main effects of each factor and all interactions (see Gokhale and Kullback, 1978) . The test statistic used is G2.
To test for the presence of selection in general and for frequency dependent selection in particular we used statistical analyses based on the plots suggested by Bundgaard and Christiansen (unpublished manuscript). Let Zi, Z2, Z3 be the frequencies of the genotypes AA, Aa, aa at a diallelic locus, and let the fitnesses of AA and aa relative to Aa be Wi and W3.
Further let R1=Z1/Z2 and R2=Z3/Z2. -X are significant this should demonstrate that frequency independent selection is operating.
RESULTS
In each experimental combination, five replicates were carried out. Three of the 30 combinations gave a value of G2 for heterogeneity between replicates for sex ratio which was significant at the 5 per cent level. The probability of this event or a more extreme one is 0127. For the genotype ratios also three of the 30 combinations showed significant heterogeneity. In both cases therefore we considered it legitimate to pool the replicates and all the results described in this paper consider the pooled data. Table 1 gives the results of the number of flies enclosed in the two experiments for the various combinations of experimental conditions. Table 2 gives the genotypic output observed in the two experiments.
The results of the analysis will be presented in two parts, the first dealing with the yields (i.e. the total number of flies emerging) for the various combinations of conditions, and the second dealing with the genotypic distributions of the samples. The analysis carried out was a factorial 02 analysis (see Gokhale and Kullback, 1978) . The factors were the timing of oviposition, the temperature, and the sex (genotypes in the second part). In the first part, the input gene frequency was included as one of the factors. This was not possible however in the analysis of genotype frequencies; in the latter case the results of the three input gene frequencies had to be analysed separately.
(I) Yield in Experiment I
The simplest model which explains the data takes into consideration the difference in yield between sexes (sex ratio different from 1: 1) and a three-way interaction between the other factors (goodness of fit 021111 = 1115). The sex ratio is biased in favour of females (see table 3 ). As for the other three There is a very intense interaction between the input frequency and the pattern of oviposition (table 7) . There is also a strong interaction between the temperature and the input gene frequencies (table 8) : there is a progressive decrease of the yield at 17°C relatively to that at 23°C (T1/T2) with increasing frequencies of Est-6 VF.
(ii) Yield in Experiment II Besides the fact that the genotypes in competition are different, this experiment has also an additional temperature (30°C). At this temperature there are Tables 1 1 and 12 show the genotypic and allelic outputs summed respectively over sex and oviposition or sex and temperature in order to study the effects of the factors on the fitnesses. There is almost always strong selection against the Esi-6 VF allele, the only exceptions being for p(VF) = 0-2 both at 23°C and the first oviposition period (01).
There is also a highly significant difference between the selective effects in the two oviposition periods. While in the first 48 hours the heterozygote is the fittest genotype (except at 30°C), among the eggs laid in the second period there is directional selection.
DISCUSSION
No comparison is possible between the two experiments as far as total productivity is concerned due to the slight differences in the media (see Materials and Methods). Nevertheless the model which considers sex ratio, oviposition pattern and temperature fits the data qualitatively in the same way in the two experiments when 17°C and 23°C are 88 L. NIGRO, R, COSTA, S. D. JAYAKAR AND L. ZONTA Table 9 Total output genotypes for the input p(Vl-) frequencies in Experiment I. Genotypic and allelic fitnesses are relative to the heterozygote and the Est-VF allele respectively considered. This could indicate that the diversity in larval density between the two experiments did not greatly affect the qualitative pattern of interactions between the considered factors.
The variation in total yield with input gene frequencies is different in the two experiments (table 6 ) and this may be due to intrinsic reproductive and perhaps other features of the homozygous lines used in the experiments. Preliminary estimates of fecundity of the different genotypes, measured for single fertilised females, showed the existence of differences even if we cannot extrapolate them to our experimental conditions which differed for example with respect o crowding.
As for temperature effects, in addition to the fact that the highest yield was always observed at 23°C, the highest temperature considered (30°C) produced drastic effects and in addition also affected males much more than females. There is a strong interaction between input gene frequency and the pattern of oviposition such that the yield in the first period relative to that in the second is considerable lower at p(VF) = 02. In addition this ratio is much higher at 30°C with respect to 17°C and 23°C (table 7) . It seems worth considering the hypothesis that this interaction is due to a difference in the pattern of oviposition among genotypes. Previous results (Gilbert and Richmond, 1982) have suggested that male Est-6 promotes ejaculate transfer, sperm storage and use in females. A quantitative study of sperm use during the first 50 hours after mating by using Est-6 null and active stocks of Drosophila melanogaster (Gilbert et a!., 1981) demonstrated that the rate of sperm release is related to the level of Esterase-6 activity suggesting the involvement of this enzyme, present in the seminal fluid, in sperm motility.
Moreover 3 or 4 days after mating few sperms are present in the receptacle and at this time also the fertilisation rate begins to drop together with the number of eggs (David, 1963; Pyle and Gromko, 1978) . As for sperm release it has been hypothesized that Esterase-6 plays a primary role in determining its initial rapid rate (Gilbert et a!., 1981) which declines 2 or 3 days after mating. Since functional differences have been detected among Est-6 allozymes, in particular between rare arid frequent variants (Costa et a!., 1983) , we suggest that the differences in yield observed in our experiments in the two periods of oviposition considered and for different input frequencies are mainly due to the differences in the catalytic properties of the allozymes in the physiological process of sperm use.
In Experiment I no interaction was observed between the factors considered. The heterozygote is always the fittest genotype. It is interesting to note that the two alleles VF and VS which are both rare in nature have very similar fitnesses when competing with each other (table 9).
The genotypic and allelic output in Exp. II, where the Est-6 polymorphism included the Est-6 F and Est-6 VF alleles, indicates the presence of strong selection (tables 11 and 12). In this experiment while heterozygote advantage is again evident at 17°C and 23°C there is a clear shift towards directional selection at 30°C. Contrary to Exp. I, in Exp. lithe Est-6 VF allele is in general strongly selected against with only one exception. The strong selection against Est-6 VF suggested by these results is in agreement with the fact that in nature it is very rare while Est-6 F is a common allele in the populations from which our lines are derived (Danieli and Costa, 1977) .
Particularly interesting in Exp. II seems the interaction between the mode of selection and the oviposition period at 17°C and 23°C, when a shift from heterosis in the first oviposition period to Table 12 Total genotypic and allelic outputs for the input Est-6 VF frequencies and oviposition periods in Experiment II. Fitnesses are as in Table 9 directional selection against Est-6 VF in the second one was observed (table 12) . However this may not be due to selective mechanisms but to the relative differences that might exist in the timing of oviposition among fertilised females depending on the male Est-6 genotype as mentioned above. The overall picture apparently suggests that selection patterns are similar for the two experiments in spite of possible differences in the genetic background among the lines used in the two experiments. This could mean that the Est-6 locus is really involved in determining detectable fitness component(s). Further these results are similar to those obtained by several authors working with lines with possible dissimilarities in their genetic backgrounds (Maclntyre and Wright, 1966; Kojima and Yarbrough, 1967; Kojima and Huang, 1972; Birley and Beardmore, 1977; Minawa and Birley, 1975; Morgan, 1976; Oakeshott, 1979; Abedin et a!., 1980; Costa and Beardmore, 1980) . While one can see in general selection against the Est-6 VF allele in the results of tables 11 and 12, there are two exceptions, both for p(VF) = 02, one at a temperature of 23°C and the other for the first 48 hours of oviposition. From the analysis of the yield these are the optimal growth conditions. In other words the allele Es-6 yE is at a disadvantage when conditions are suboptimal, and further it is possible that it shows selection when rare enough.
On the other hand apparent selective responses regarding a locus under study may he due to the fact that other linked loci are the true targets of selection. The lines used in this study were isolated by randomising their genomes and reducing the possibility of the persistence of genetic variation at closely linked loci; nevertheless we cannot exclude the possible effects of other loci on the results obtained. We have performed other onegeneration experiments to test the actual role of the Est-6 locus in determining fitness by using highly inbred lines obtained with a procedure reported elsewhere (Costa et a!., 1985) . There too we obtained results in agreement with the hypothesis that attributes an adaptive role to the Est-6 polymorphism. Nevertheless the dynamics of this polymorphism studied over several generations in experimental populations set up with our highly inbred lines suggests that part of the selection associated with the locus under more or less pronounced outbred conditions has been eliminated (Costa et a!., in preparation) . It seems likely then that there is a good deal of interaction of the Est-6 locus with other systems possibly in linkage disequilibrium in the wild or in laboratory populations derived from outbred lines even though studies devoted to discover linkage disequilibrium in wild populations in the chromosomal arm carrying the Est-6 locus in natural populations of Drosophila melanogaster have not been successful (see references in Costa et a!., 1985) .
It has by now become evident that the Est-6 polymorphism has an adaptive significance based either on its already demonstrated involvement in the reproductive process (Gilbert and Richmond, 1982) or on its role in the metabolism of esters (Zera et a!., 1983; Costa et a!., 1985) . The results reported here together with the other findings for outbred and inbred populations cited above, suggest however that the Est-6 locus is not only involved in selective processes per se but also because of its interactions with other loci. How this occurs remains to be studied, but considering the overall pattern of results produced by studies on the Est-6 locus it is suggested that this polymorphism in the wild is maintained by complex and interacting modes of selection.
